Abstract. We built a composite of three reconstructions of the solar modulation function over the Holocene. The reconstructions until 1950 are based on data from cosmogenic radionuclides and the present time on neutron monitor data.
Introduction
Direct continuous observations of the solar activity have been started in about 1610 with the invention of the telescope. About 200 years later the famous Schwabe cycle was discovered. Additionally a long-term trend could be seen in the sunspot record. Soon people noticed a similarity between this long-term trend and temperature records. In particular periods which are characterized by a lack of sunspots such as the Maunder minimum (1645-1715) seem to coincide with cold climate conditions. To study this correlation a large variety of time series of solar parameters have been continuously recorded in more recent times.
Unfortunately those time series do not provide any information about long-term trends. Hence they can not answer the question whether the Maunder minimum was a very exceptional state or if such periods have been quite frequent, nor if the current solar maximum is very special or quite Correspondence to: F. Steinhilber (friedhelm.steinhilber@eawag.ch) common. However this information is very important for improving the solar dynamo models and estimating the past solar forcing. For this answer accurate solar activity reconstructions going as far back in time as possible are needed. So far only cosmogenic radionuclides can provide this information on millennial time scales. Such reconstructions were made several times. Solanki et al. (2004) reconstruct sunspots for the last 11 000 years based on the cosmogenic radionuclide 14 C from tree rings. Their main result is that the current solar activity is exceptionally high. Their study shows that the last period when the Sun was as active as today was 8 000 years ago and that in 10% of the time the Sun was similar active as today. Vonmoos et al. (2006) compare the solar modulation functions during the Holocene (period 340 − 9 300 BP) using 10 Be from the Greenland Ice core Project (GRIP) ice core with 14 C from tree rings. They fi d slightly different values for the two radionuclides which points to different non-solar signals in these proxies. But nevertheless both records show similar long-term trends. Unfortunately a comparison of the Sun during the Holocene with the current time is impossible since their reconstruction does not reach to today. Muscheler et al. (2007) use the radionuclides 10 Be and 14 C to reconstruct the solar modulation function for the past 1 000 years and come to a somewhat different result than Solanki et al. (2004) . Their conclusion is that compared to the last 1 000 years the recent solar activity is high but not exceptionally high.
In order to resolve the discrepancies between the different long-term trends in the reconstructions we constructed a composite of reconstructions of the solar modulation function bridging the values of Vonmoos et al. (2006) (cosmogenic radionuclide 10 Be) with the modern instrumental data (neutron monitor data).
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1 ooo 2 geomagnetic field intensity (relative to today) Fig. 1 . Radionuclide production rate as a fimction of geomagnetic field intensity and solar modulation fimction <I>. In the calculation, described in detail in Masarik and Beer (1999) , protons and a-paticles are considered.
2 Theory: Sola1· modulation
The production of cosmogenic radionuclides depends on the intensity of cosmic ray particles (CRs) penetrating into the Earth's atmosphere. Before CRs reach the Earth, they have to pass the heliosphere in which they are modulated. The modulation of CRs is composed of different processes such as diffusion, adiabatic cooling, convection and drifts. These processes are included in the CR transpo1t equation fonnulated by Parker (1965) which describes the propagation of CRs through the heliosphere and allows for calculating the CR spectnun eve1ywhere within the heliosphere. Gleeson and Axford (1968) found an approximation of that equation the so-called force-field approximation
where lus is the local interstellar CR spectnun, T the kinetic energy of the CRs and To their rest energy. <I> describes the modification of the local interstellar spectnun (LIS) in the heliosphere. It has the unit of energy and is called solar modulation function. As can be easily seen from Eq. (1) for <I>= 0 the modulation effect vanishes. The higher the solar modulation the less CRs reach the Earth's atmosphere and the less cosmogenic radionuclides (like 10 Be) are produced .
The usefulness of <I> to describe the CR spectra at 1 AU is shown by Caballero-Lopez and Moraal (2004) . They compare experimental CR data with the spectnun obtained from Eq. (1) and with the spectnun calculated with the CR transpo1t equation. They come to the conclusion that <I> is a good parameter to describe solar modulation at Eaith (1) using the local interstellar spectra of Webber and Higbie (2003), Castagnoli and Lal (1980) and Burger et al. (2000) for different values of the solar modulation fimction <I> = 0 (dashed), 500 Me V (solid line) and 1 000 Me V (dotted) . The cosmic ray energies T shown here are responsible for most of the 10 Be production (McCracken, 2004b) .
3 Theory: C osmogenic radionuclides 10 Be and solar modulation
The radionuclide signal from ice cores is composed of three components: (1) solar activity (described by <I>), (2) geomagnetic field intensity (mainly dipole moment component) and (3) system effects (geochemical behaviour).
Since we focus here on the solar activity the other two components have to be identified and removed.
The system component is the result of the transpo1t of the radionuclides from the atmosphere to the teffestrial ai·chive. They depend strongly on the geochemical properties of the considered radionuclide and the prevailing climatic conditions like the precipitation rate. McCracken (2004b) analyzes different averages of 10 Be data from Greenland and Antarctic and shows that the system effect component contributes less than 10% to the total signal when the data is averaged over 22 or more yeai·s.
The geomagnetic field acts as a shield for the charged CRs. Since its intensity varied significantly during the Holocene (shown in the top panel of Pig. 5) it has also a significant effect on the radionuclide production and must be considered. This is done by using reconstmctions of the geomagnetic field intensity. The magnetic field intensity is used to work out the so-called cutoff rigidity which says how much energy a CR needs to cross through the Earth's magnetosphere.
To conclude the production rate of cosmogenic radionuclides over the Holocene depends on the solai· magnetic field described by the solar modulation function <I> and the geomagnetic field intensity. As can be seen in Fig. 1 used for the composite, the data and source (NM = neutron monitor, GRIP = Greenland Ice core Project), the LIS they are based on, covered time period, time resolution and the maximal standard deviation (SD). The SD from Vonmoos et al. (2006) and FAA (US Federal Aviation Administration) are originally given in percentage. The reconstruction by FAA described in O'Brien et al. (1996) is not used for the composite but for a comparison with the reconstruction by Usoskin et al. (2005 
Data
This work is based on three reconstructions of the solar modulation function summarized in Table 1 . They were chosen because together they cover the period from today back to 9 300 BP. In all reconstructions the influenc of the geomagnetic fiel is considered. Vonmoos et al. (2006) use the reconstruction of geomagnetic dipole component by Yang et al. (2000) and McCracken (2004b) make use of the geomagnetic fiel by McElhinny and McFadden (2000) who use in principle the same proxy data as Yang et al. (2000) . Usoskin et al. (2005) use different cutoff rigidities depending on the location of the neutron monitor. Because the geomagnetic fiel has not changed significantl during their reconstruction period (1951 -2004) , the cutoff rigidities are kept constant.
The maximal standard deviation SD of the reconstruction by McCracken et al. (2004a) is given to be 40 MeV. Usoskin et al. (2005) give values for the maximal SD which are 40 MeV after 1973 and 60 MeV for the period 1951 to 1973. The maximal SD of Vonmoos et al. (2006) is 80 MeV which takes into account the uncertainties of the 10 Be AMS (accelerator mass spectrometry) measurement and the geomagnetic fiel intensity reconstruction.
Unfortunately the three reconstructions are based on different local interstellar spectra (LIS) what leads to slightly different values for the same radionuclide production rate. Hence we have to correct for the different LIS before we can build the composite.
Method of LIS-correction
To solve Eq. (1) the CR spectrum at 1 AU and the LIS have to be known. The CR spectrum can be worked out from cosmogenic radionuclide production rate data ( 10 Be concentrations, neutron monitor count rates), but the LIS, which describes the unmodulated CR spectrum outside the heliosphere, has to be estimated from CR intensity measurements inside the heliosphere. Different LIS are proposed to describe those measurements. The LIS estimates differ depending on the energy as shown in Fig. 2 . Usoskin et al. (2005) give correction equations to convert calculated with one LIS into using another LIS. Their correction equations are obtained by comparing derived from neutron monitor data. Here we used a more theoretical approach which is based only on Eq. (1) and artificia values of . Artificia means that we did not use experimental data but that we varied in the interval of experimental data.
We did the following steps to obtain the LIS-correction equations:
1. Calculate the CR spectrum J 0 for a reference LIS = LIS 0 with a fi ed 0 with Eq. (1) 2. Calculate the CR spectrum J x for a LIS x with a varying x with Eq. (1) and fin the CR spectrum J x,fi which fit best the spectrum obtained with the reference LIS 0 calculated in step 1. As reference LIS 0 we chose the LIS by Castagnoli and Lal (1980) . The index x in LIS x and x means: x = C80 LIS by Castagnoli and Lal (1980) , x = B00 LIS by Burger et al. (2000) , x = W03 LIS by Webber and Higbie (2003) . 0 was varied from 0 to 1000 MeV. Corresponding to the response function of 10 Be given in McCracken (2004b) , only protons with kinetic energies T between 0.5 GeV/nucleon and 5 GeV/nucleon were considered.
In Fig. 3 the solar modulation functions x using the LIS by Burger et al. (2000) and Webber and Higbie (2003) are shown as a function of 0 = C80 . It can be seen that the values of B00 are higher than the C80 values using the reference LIS. In contrast the values of W03 are shifted to smaller values. (2000) and Webber and Higbie (2003) on <l>o = <l>c80 using the reference LIS by Castagnoli and Lal (1980) . In a first order approxiniation the solar modulation functions <I> calculated using different LIS can be convert. ed into each other by linear fm1ctions.
As can be se. en in a first order approximation the values of <I> using different LIS can be converted into each other by using linear functions which are called here LIS-coITection equations. The LIS-coITection equations to conve1t <l>x to the reference <l>c 80 are: Our LIS-coITection Eq. (2) was tested by comparing the reconstmction ofUsoskin et al. (2005) with and without using the LIS-coITection with a reconstmction of <I> by FAA (US Federal Aviation Administration) also based on neutron monitor data but using our reference LIS. The calculations of the FAA are described in O'Brien et al. (1996) and the data can be found athttp ://wv.rwfaa.gov/educatio~esearch/ research/medJmmanfacs/aeromedical/media/cari6exe.zip. Figure 4 shows the relative differences betv.
•een the data by FAA and by Usoskin et al. (2005) with and without the correction. The frequency distribution confums the coITection leading to an average relative difference of zero.
The LIS-coITections from Eqs. (2) and (3) were used to coITect the reconstmctions of <I> in Table 1 for the different LIS. After all <I> values were coITected to the LIS by Castagnoli and Lal (1980) they were linearly interpolated to annual resolution to obtain a homogeneous time resolution for the whole reconstmction period. Finally a mnning-mean of 25 years was applied. The whole composite record which covers the past 9 300 years is shown in Fig. 5 .
From the histogram in Fig. 6 we found the lowest value of the cuITent solar activity to be 600 MeV. Defiriing that Astrophys. Space Sci. Trans., 4, 1-6, 2008 value as lower limit of high solar activity we found 26 periods of high solar activity in the composite. These periods are listed in Table 2 . When using the given periods one must wwv.
• be aware of the absolute uncertainties ( ~ 50 years) of the applied timescale (GRIP timescale ss09, Johnsen et al. ( 1997) ). However the absolute unce1tainties have only a minor influence on the duration of the periods. The histogram in Fig. 6 compares the frequency distribution of <I> for the whole composite with the last 50 years. In about 85% of the time the Sun was less, in 13% equal and in about 2% more active than today. Thus we found that in 15% of the time the Sun was in a similar or even more active state as today which is a higher percentage compared to 10% found by Solanki et al. (2004) .
As can be seen from Table 2 during the last 9 300 years 26 periods (including today) occmTed with high solar activity . Two of these periods lasted as long as the cm1·ent period. The last period which showed similar high activity and also lasted as long as the cU11·ent one was about 1 700 years ago. We found periods (23) (24) (25) Table 2 ) of high activity during the last 1 000 years which is in agreement with Muscheler et al. (2007) .
Conclusions
Solar activity can be reconstrncted using cosmogenic radionuclides from teITestrial archives provided that geomagnetic intensity variability and climate effects are removed from the data. McCracken et al. (2004a) , Usoskin et al. (2005) and Vonmoos et al. (2006) make use of cosmogenic radionuclides and reconstrncted the solar modulation function for different periods. In this study a composite of these three data sets was built over most of the Holocene. Due to the fact that the three reconstructions are based on different local interstellar spectra, LIS-coITection equations were derived which then were used to build the composite. The LIS-correction equation between the LIS by Burger et al. (2000) and Castagnoli and Lal (1980) was confirme by a comparison of the reconstruction by Usoskin et al. (2005) with a reconstruction by the US Federal Aviation Administration.
The record provides the basis to study the solar activity in the past, to improve solar dynamo models and hopefully to develop a quantitative solar forcing function.
